Urokinase-type plasminogen activator receptor (uPAR) is a glycosylphosphatidylinositol (GPI)-anchored protein. Besides regulating proteolysis, uPAR could also activate many intracellular signaling pathways that promote cell motility, invasion, proliferation, and survival through cooperating with transmembrane receptors. uPAR is overexpressed across a variety of tumors and is associated with cancer invasion and metastasis. In order to meet the demand for a rapid development and potential clinical application of anti-cancer therapy based on uPA/uPAR system, it is desirable to develop non-invasive imaging methods to visualize and quantify uPAR expression in vivo. In this review, we will discuss recent advances in the development of uPAR-targeted nuclear imaging and radionuclide therapy agents. The successful development of molecular imaging probes to visualize uPAR expression in vivo would not only assist preclinical researches on uPAR function, but also eventually impact patient management.
Introduction
Molecular imaging is a fast growing research area involving the development and evaluation of novel tools, reagents and methods to image specific molecular pathways in vivo; particularly those that are key targets in disease processes. Molecular imaging is rapidly recognized as a tool with the capacity to improve every facet of cancer patient care, such as, assisting early detection and intervention strategies; facilitating the direction of pharmacological, cell-based, and genetic therapeutic regimens; and enhancing the development of emerging theranostics field. In particular, nuclear medicine (including positron emission tomography (PET) and single-photon emission computed tomography (SPECT)) serves as a highly sensitive technology that is ideally suited for pre-clinical and clinical imaging of cancer biological processes non-invasively. The commonly used radionuclides include 99m Tc, 123/131 I, 111 In (γ-emitting isotope for SPECT imaging); 18 F, 11 C, 64 Cu, 68 Ga (positron-emitting isotope for PET imaging); and 90 Y, 177 Lu, 213 Bi (for radiation therapy).
This review intends to provide an overview on recent advances in the development of uPAR-targeted nuclear imaging and radionuclide therapy. The successful development of molecular imaging probes to visualize uPAR expression in vivo would not only assist preclinical researches on uPAR function, but also eventually impact patient management.
Biological function of uPAR
Urokinase-type plasminogen activator receptor (uPAR) is a glycosylphosphatidylinositol (GPI)-anchored protein [1] . The receptor binds urokinase-type plasminogen activator (uPA) as well as its
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International Publisher proenzyme, pro-uPA, in such a manner that the activation cascade can occur directly on the cell surface. Activated uPA converts inactive plasminogen into active plasmin, which degrades various components of the extracellular matrix. Besides the function of regulating proteolysis, uPAR could also activate many intracellular signaling pathways that promote cell motility, invasion, proliferation and survival through cooperating with transmembrane receptors [2, 3] . uPAR is overexpressed across a variety of tumor cell lines and tissues, including breast, ovary, lung, pancreas, colon, kidney, liver, stomach, endometrium, bone and so on [4] [5] [6] . High endogenous level of uPAR was also found to be associated with cancer invasion and metastasis [4, 7] . Therefore, uPAR has become an important target for cancer diagnosis and therapy.
uPAR targeted radiopharmaceuticals
Radiopharmaceuticals are drugs containing radionuclides. A target specific radiopharmaceutical could be constructed by introducing radioactive tag to a targeting ligand. In many cases, radiometal based radiopharmaceuticals rely on the introduction of bifunctional chelators to target binding ligand. In contrast, the non-metallic radionuclides were generally introduced through covalent bond formation. Depending on the ligands to be used, uPAR targeted radiopharmaceuticals could be constructed by introducing corresponding radioactive tag to uPAR binding ligands.
Peptide-based ligands
There are two main avenues in the search for peptide-based uPAR ligands. One approach exploits random selection in a phage display library, whereas the other relies on synthesizing peptide derivatives based on uPA, a natural uPAR-binding ligand.
Ligands discovered by Phage display.
A family of 15-mer linear peptide was obtained as antagonists of uPA-uPAR interaction through the selection in a random phage-display library [8] . The selected lead phage peptide was subjected to affinity maturation and stabilization by combinatorial chemistry [9] . The resulting 9-mer core peptide AE105 (D-Cha-F-s-r-Y-L-W-S) [9] demonstrated specific, high-affinity binding to human uPAR (Kd ≈ 0.4 nM). Later on, AE105 and its derivatives, AE120 64 Cu labeled AE105 for noninvasive microPET imaging of uPAR expression [11] . In that study, uPAR-binding peptide AE105 was conjugated with 1,4,7,10-tetraazadodecane-N,N',N'',N'''-tetraacetic acid (DOTA) (DOTA-AE105, Figure 1 ) and labeled with 64 Cu. MicroPET imaging revealed that 64 Cu-DOTA-AE105 accumulated rapidly in uPAR-positive U87MG human glioblastoma tumors (10.8 ± 1.5 percentage of injected dose per gram of tissue (%ID/g) at 4.5 h) but not in uPAR-negative MDA-MB-435 human breast tumors (1.2 ± 0.6 %ID/g at 4.5 h ) (Figure 1 ). In the presence of excess amount of unlabeled peptide, the U87MG tumor uptake was successfully reduced to 3.7 ± 1.3 %ID/g at 4.5 hours post injection (p.i.), which further demonstrated the receptor specificity of this tracer. A nonbinding variant of AE105 was also tested, the uptake in U87MG tumors was 1.7 ± 0.4, 2.2 ± 0.5, and 3.1 ± 0.6 %ID/g at 1, 4.5, and 22 hours p.i., which was significantly lower than that of the original 64 Cu-DOTA-AE105 (P < 0.005).
In a recent study, Persson et al [12] evaluated 64 Cu-DOTA-AE105-NH2 in a quantitative PET study. The major difference between 64 Cu-DOTA-AE105-NH2 and 64 Cu-DOTA-AE105 is the C-terminal amidation. Although it is not validated in the manuscript, C-terminal amidation would generally make peptide ends uncharged (compared to standard synthetic peptides). In vivo stability of the probe could be improved in some extend by increasing the stability toward digestions by aminopeptidases and blocking activities towards synthetase. In this research, a significant correlation between tumor uptake of 64 Cu-DOTA-AE105-NH2 and uPAR expression was found (R 2 = 0.73; P < 0.0001) across 3 cancer xenografts (H727, HT-29, and U87MG) (Figure 2 ). For uPAR positive U87MG tumor, tumor uptake was 5.9 ± 0.7%ID/g at 4.5 h p.i., which was lower than the number reported in the first study [11] (10.8 ± 1.5 %ID/g at 4.5 h), although the same cell line was used. The discrepancy may be related to the basic properties of the chelated radiopharmaceuticals as they are two different compounds. 18 F-FDG (2-deoxy-2-18 F-fluoro-D-glucose) PET was also performed on U87MG and H727 tumors. As expected, no difference in tumor uptake was observed in 18 F-FDG PET, which clearly demonstrated that additional information can be obtained on tumor biology using 64 Cu-DOTA-AE105-NH2 PET. Furthermore, primary tumor uptake of 64 Cu-DOTA-AE105-NH2 apparently correlates to the efficacy of 5-fluorouracil-based chemotherapies, illustrating the potentials of using uPAR PET in a clinical setting to monitor treatment response. Despite the initial success of these two examples, both probes demonstrated prominent liver uptake that could not be blocked by cold AE105 ligand. Previously, it has been demonstrated that the 64 Cu 2+ complexes with DOTA, TETA (1,4,8,11-tetraazacyclotetradecane-N,N',N",N'"-tetraacetic acid), and their derivatives have limited stability in vivo due to the dissociation of 64 Cu 2+ from these bifunctional chelators (BFCs), leading to high retention in the liver. It would be interesting to conjugate other stable chelators, such as NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid), cross-bridged TETA, and sarcophagine agents, to AE105 and compare the liver uptake among these PET imaging agents. The pharmacokinetic of uPAR PET may also be improved by using these newly developed chelators. In addition to 64 Cu, AE105 has been labeled with 68 Ga for noninvasive PET imaging of uPAR expression. 68 Ga decays by 89% through positron emission of 1.92 MeV (maximum energy) and is available from an in-house 68 Ge/ 68 Ga generator ( 68 Ge, t 1/2 =270.8 day), which renders it independent of an onsite cyclotron. With a half-life of 68 min, it is suitable for studying the pharmacokinetics of many peptides. Gallium-68 labeled uPAR radiotracers was first reported as 68 Ga-DOTA-AE105-NH2 and 68 Ga-NODAGA (N, N-di(2-hydroxybenzyl) ethylene-diamine-N,Ndiacetic acid)-AE105-NH2 [13] . The tumor uptake in U87MG glioblastoma xenograft model was 2.1 % ID/g and 1.3 % ID/g (30 min p.i.) and 2.0 % ID/g and 1.1 % ID/g (60 min p.i.) for 68 Ga-NODAGA-AE105-NH 2 and 68 Ga-DOTA-AE105-NH 2 , respectively ( Figure 3) . Although both 68 Ga-based tracers could be used for tumor imaging, 68 Ga-DOTA-AE105-NH 2 demonstrated significantly lower Tumor/Muscle ratio (7.4) than that of 64 Cu-DOTA-AE105-NH 2 (15.9) at 60 min p.i. (P < 0 .05). The same pattern was found when comparing tumor to blood, liver or kidney ratios. Although these 68 Ga-tracers were developed as close analogs of 64 Cu-DOTA-AE105, their absolute tumor uptake was significantly reduced. Apparently, both tumor uptake and tumor-to-background ratios need to be improved when developing 68 Ga-based tracers for uPAR targeted imaging in the future.
SPECT agents were also developed for uPAR imaging in vivo. In 2009, a dimeric peptide
closely related to AE120, named as AE120 analogue) was conjugated with DOTA chelator and labeled with 111 In [14] . The IC 50 2 (AE120 analogue-DOTA) was 240 nM, which was higher than that of DOTA-AE105 (IC 50 = 130 nM) [11] . AE120 analogue-DOTA is structurally different from DOTA-AE105 and related peptide [9] in being N-terminally acetylated and C-terminally amidated; the appended DOTA moiety at C-terminal in the branching lysine residue; and the chirality of the N-terminal aspartate residue [14] . These structural differences could lead to the limited free conformational space in the region of the corresponding uPAR complex. The IC50-value of AE120 analogue was not get at the same time in this study. Therefore, it is not clear whether DOTA conjugation would affect this peptide's binding affinity.
Biodistribution data was collected at 1, 4 and 24 h p.i. of 111 In-DOTA-AE120 analogue on MDA-MB-231 human breast tumor-bearing mice. It was shown that the elimination of the 111 In-labeled AE120 analogue from the blood pool was rapid, with 0.12 ± 0.06 % ID/g remaining in blood at 4 h p.i. Tumor uptake at this time point was 0.53 ± 0.11 %ID/g; and tumor-to-blood and tumor-to-muscle ratios were 4.2 and 9.4, respectively. 111 In-DOTA-AE120 analogue cleared through both liver and kidney. Liver and kidney retention was higher than 125 I-labeled ATF (Amino-terminal fragment of uPA). In vivo biodistribution data of 111 In-DOTA-AE120 analogue and 125 I-ATF was shown in Table 1 and Table 2 . The comparison of these two tracers is discussed in the following Section 1.2. Table 1 . In vivo biodistribution of (NAc-dD-CHA-F-dSdR-Y-LW-S-Ala)2-K-K( 111 In-DOTA)-NH2 (Test) at 1, 4, and 24 h p.i. and scrambled negative control peptide (NAc-dD-W-dS-L-Y-dR-F-S-CHA-Ala)2-K-K( 111 In-DOTA)-NH2 (control) at 4 h p.i. in SCID mice bearing MDA-MB-231 human breast cancer tumor xenografts (n = 3, mean % ID/g ± SD). Reproduced with permission from ref. [14] . Sebastian et al synthesized a pseudo-symmetrical covalent dimer of AE105 (P-P4D) with high affinity to uPAR [15] . The spacer K b -G-S-G-G was used to link two AE105 motifs. P-P4D was conjugated with DOTA and labeled with 213 Bi with the aim to perform α-emitter therapy for advanced ovarian cancer. Chemical structure of DOTA-P-P4D was shown in Figure 4 . Organ distribution studies of 213 Bi-P-P4D showed that tumor uptake were 9 ± 0.9%, 4.8 ± 1.5% and 2.2 ± 0.4% ID/g at 20, 45 and 90 min respectively after intraperitoneal (i.p.) administration of the tracer in peritoneal disseminated OV-MZ-6 human ovarian tumor model. Although 213 Bi is α -emitter for therapy, no therapeutic efficacy studies were carried out in this report. Moreover, the pharmacokinetic changes caused by i.p. injection were unknown as above imaging probes were evaluated after intravenous (i.v.) injection instead of i.p. uPAR-targeted radionuclide therapeutic intervention was evaluated by Persson et al [16] . In their report, uPAR-positive HT-29 xenografts were treated twice with 177 Lu-DOTA-AE105-NH 2 through tail vein injection. 177 Lu-DOTA-AE105 mut -NH 2 (non-binding analog) and vehicle were used as controls. First 
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treatment was administrated on day 1 with a dose of (18.4 ± 3. 2 , respectively. A significant difference in tumor size was observed (n = 12) at day 6 (P = 0.04) and day 8 (P = 0.002) after receiving 177 Lu-DOTA-AE105-NH 2 , compared with the control groups. However, at day 14, the average tumor sizes were 287 ± 44 mm 3 , 286 ± 32 mm 3 and 218±22 mm 3 for vehicle controls, 177 Lu-DOTA-AE105 mut -NH 2 and 177 Lu-DOTA-AE105-NH 2 , respectively ( Figure 5) . The tumor size different is not significant (P = 0.09) (Figure 5) . Apparently, the treatment conditions need to be further optimized in order to demonstrate that uPAR could be a valid target for radionuclide therapy. 177 Lu-DOTA-AE105-NH 2 , control peptide 177 Lu-DOTA-AE105 mut -NH 2 or vehicle on day 0 and day 7. A significant effect of 177 Lu-DOTA-AE105 on tumor volume was found on day 6 (P < 0.05) and day 8 (P < 0.01) compared with control groups. No significant differences in tumor volumes were found at the end of study day 14. Mean tumor volume was calculated by manual drawing of tumor lesions on CT images. Results presented as mean±SEM, n = 12 tumor/group. Reproduced with permission from ref.
[16].
Ligands based on uPA fragment
uPAR targeted peptide ligands were also constructed on the basis of uPA, the natural ligand of uPAR. The high affinity of uPA for uPAR is primarily governed by β-hairpin in NH 2 -terminal growth factor-like domain (GFD, residues 1-44) [17, 18] . Amino-terminal fragment (ATF) of uPA, containing the first 135 amino acids including GFD, was developed in 1987 as the first uPAR targeting peptide [19] . ATF has high affinity for uPAR and competes with uPA, reducing the endogenous enzymatic activity [18, 20, 21] . ATF has been applied to uPAR-targeted magnetic resonance imaging (MRI), near-infrared (NIR) imaging and drug delivery [22] [23] [24] . The biodistribution of ATF was studied on SCID mice bearing MDA-MB-231 human breast cancer tumor xenografts using 125 I labeled ATF [14] . This study also compared the biodistribution of 125 I-ATF with that of 111 In-DOTA-AE120 analogue (see Table 1 and Table 2 ). Overall, 125 I-ATF showed higher tumor uptake (3.09 ± 0.29 %ID/g at 4 h p.i.) and slower elimination from the blood pool. Tumor-to-blood and tumor-to-muscle ratios at 4 h p.i. were 0.9 and 5 for 125 I-ATF, respectively, which were lower than that of 111 In-DOTA-AE120 analogue. Binding affinity of 125 I-ATF to MDA-MB-231 cells is increased when they have either had endogenous uPA removed by acid stripping, or have had endogenous expression of uPA reduced by the application of specific siRNA [14] . This result suggested that autocrine saturation could be responsible for reduced tumor uptake in vivo. Unfortunately, the influence of uPAR occupancy by endogenous uPA on the tumor uptake of the AE120 analogue, which is an antagonist of the uPA-uPAR interaction, was not carried out.
Based on GFD of uPA, a number of related peptide ligands for uPAR were further designed, such as uPA [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [25] , cyclo 19 [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [27] is the lead compound that displays an IC 50 of 40 nM for the uPA-uPAR interaction. In the meanwhile, cyclo 21, Nle (23)Cys (29)] uPA [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] synthesized from systematic point mutations, can still binds to uPAR but is resistant to proteolytic cleavage [27] .
Andrea et al [28] evaluated a series of single amino acid chelate (SAAC) for their ability to incorporate 99m Tc into peptides. They applied the lead SAAC to synthesize 99m Tc-labeled cyclo 19, ] uPA [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Unfortunately, the ligand's binding affinity towards uPAR decreased 30-fold after conjugation with the SAAC. SPECT scanning studies were not carried out to validate its applicability as a radiotracer for uPAR imaging.
In addition, it was reported that cyclo 19,31 uPA 19-31 elicited mitogenic effect upon binding to the ovarian cancer cells OV-MG-6 [29] . The biological effects of this kind of cyclic peptide mimetics are expected to be thoroughly studied before being used for uPAR-targeted nuclear imaging and therapy. In addition to uPA, uPAR was found to bind the somatomedin B (SMB) domain of vitronectin [30, 31] . Rationally, peptides mimic the somatomedin B (SMB) domain may be potential ligands for uPAR as well.
Protein and Antibody-based ligands
The half-life of peptide ligands is generally short due to its small molecular weight and stability. To improve the pharmaceutical property, ATF of uPA has been fused of human serum albumin (ATF-HSA) [32] . Similarly, engineered antibodies targeting human uPAR were developed through fusing ATF or GFD of uPA to Fc portion of human IgG [33] . These hybrid molecules could dramatically blocks tumor growth by disrupting uPA/uPAR interaction. To date, no imaging study based on these molecules has been reported.
A Large number of anti-uPAR antibodies against various epitopes have been developed [34] [35] [36] . Rabbani et al [37] developed a polyclonal antibody against rat uPAR (ruPAR). To study the bio-distribution of this anti-ruPAR Ab, this antibody was labeled with 125 I and injected into the Mat B-III-uPAR rat breast tumor metastases model via tail vein. Significantly higher levels of anti-ruPAR Ab were observed in primary tumors and in tissues commonly affected by tumor metastases (liver, spleen, lungs, and lymph nodes) as compared with normal IgG at 12 h p.i.. The 125 I-Anti-ruPAR Ab uptake in primary tumor and blood were about 0.75 and 0.9 %ID/g respectively. Compared to peptide-based probes, this antibody-based probe showed longer circulation. As the antibody based probe is closely related to the potential immuno-or radioimmunotherapies, an antibody based imaging probe would be ideal for patient stratification and screening.
Epitope-specific monoclonal antibodies against human uPAR would be superior for pre-clinical study. Another antibody, ATN-658 [35] , is in line with this criteria. ATN-658 could bind to domains 3 (D3) of uPAR with high affinity (Kd ≈ 1 nM) [35] . It is specific for human uPAR and does not cross-react with mouse uPAR [35] . In human cancer xenograft models, ATN-658 could inhibit uPAR-positive cancer invasion, migration, growth and metastasis [35, 38, 39] . ATN-658 was also humanized (huATN-658) and is expected to enter a phase I clinical cancer study [39] . ATN-658 did not interfere with uPA/uPAR binding, and could bind to uPAR even when uPA was also bound to the receptor, which would make it suitable for monitoring therapies focused on uPAR suppression [35] . Recently, 12 unique human Fabs that bind human uPAR were identified through a highly diverse and naive human fragment of the antigen binding (Fab) phage display library [36] . Among them, two Fabs (2E9 and 2G10) could compete with uPA for uPAR binding and one Fab (3C6) competes α5β1 integrin for uPAR binding [36] . Both ATN-658 and these Fabs are suitable for uPAR-targeted imaging and therapy. Dullin et al [40] used Cy5.5-labeled uPAR-specific monoclonal antibody to visualize mammary carcinomas in an orthotopic mouse model in vivo, showing tumor specificity compared to the control antibody. The major disadvantage of optical imaging is the limited depth penetration and intense light scattering, which allows only for demarcation of superficial tumors and tissues accessible by endoscopy, as well as intraoperative imaging [41] . To obtain quantitative information about tumor targeting and distribution patterns of this imaging agent, PET or SPECT will be required for further studies.
Small molecule ligands
Small molecule ligands binding to uPAR are rather limited. N-substituted glycine-based peptidomimetics [42] , O-substituted hydroxycumaranones [43] , oligothiophenes [44] , porphyrin derivatives [45] , suramin [46] , and amino-biphenyl-based peptidomimetics [47] have been reported to inhibit uPA-uPAR interaction ( Figure 6 ). As these small molecules would be very sensitive to modifications, 18 F and 11 C labeling might be preferred because the structure of imaging probes may vary slightly compared with the small molecule ligands or inhibitors. Nonetheless, in vivo nuclear imaging studies based on these small molecules are relatively challenging and less studied. 
Summary
uPAR is overexpressed across a variety of tumors and is associated with cancer invasion and metastasis. In order to meet the demand for a rapid development and potential clinical application of anti-cancer therapy based on uPA/uPAR system, various molecular imaging probes have been successfully developed to visualize uPAR expression in vivo. Despite the recent progress on uPAR targeted imaging, this field is less studied compared with other well established systems, such as integrin αvβ3 receptor and the corresponding RGD ligands. In fact, several aspects need to be considered in order to develop a valid imaging probe for uPAR.
First, in many cancers, uPAR up-regulation coincides with a rise in uPA [4] . Therefore, it is highly possible that majority of uPAR in tumors may be occupied with uPA, which would make it rather challenging if the imaging probe binds to the same site of uPAR as uPA. Unfortunately, detailed information about uPAR occupancy in tumors is not available. Additional information on this aspect will provide important guidance on the design of uPAR targeted imaging probes. Nonetheless, ligands, such as ATN-658 [35] , that do not interfere with uPA-uPAR binding, may be advantageous for uPAR-targeted imaging in this aspect. Second, the binding affinity of imaging probes should be carefully studied after modifying the high binding affinity ligands. In fact, several studies have indicated that binding affinity towards uPAR could be reduced dramatically after conjugation with various chelates [14, 28] . Therefore, detailed knowledge on the molecule structure of uPAR and its ligands will provide key information on developing uPAR targeted ligands for both imaging and therapy purpose. Third, for uPAR targeted imaging, proper ligands should be chosen according to disease types of interest. Generally, the use of small hydrophilic peptides would be a specific problem for kidney tumors in term of background. In fact, kidney also displays a high baseline expression of uPAR [48, 49] . Kidney uptake of different uPAR-targeting radiopharmaceuticals varied dramatically depending on their chemical characteristics. For example, kidney uptake was 4.9 %ID/g and 19.09 %ID/g for 64 Cu-DOTA-AE105 [11] and 64 Cu-DOTA-AE120 analogue [14] respectively at 1 h p.i., compared with 31.9 %ID/g for 213 Bi-P-P4D [15] at 90 min p.i.. Therefore, nephrotoxicity should be considered during the application of radio-labeled ligands that are mainly metabolized through kidney. To reduce the kidney uptake of radiopeptides, various compounds are currently being explored including spironolactone [50] , probenecid [51] and the plasma expander gelofusine [52] . A study on uPAR-targeted α-emitter therapy has demonstrated that kidney uptake of 213 Bi-P-P4D was reduced from 31.9 %ID/g to 18.28 %ID/g at 90 min p.i. through the administration of gelofusine [15] . At last, uPAR binding ligands have species selectivity. For example, AE105 has extreme selectivity toward human uPAR compared to mouse, and hamster uPAR [9] . Even within primates, several species are actually insensitive to AE105 [53] . uPAR expression is not confined to the tumor cells. uPAR expression is also found on several tumor-associated cell types, including macrophages, mast cells, endothelial cells, NK cells and fibroblasts [54, 55] . This may cause problems when using nude mouse bearing human tumor xenograft for research. Accurate evaluation of uPAR expression profiles and therapeutic efficiency can't be accomplished when the ligands only bind to human uPAR. Ligands that can bind to both human and mouse uPAR are better choice for these kinds of research.
